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ABSTRACT
If ) and &y reprasent two complax tia. functions and LA e
s large high frequency carrisr, the sverage value of i’c"l"i’""c"l"zl »
is equivelent to the procw2’ 3f e and s2. When the functions are -
woltages this difference in mugnitudes can be found with simple cone
ventional circuits. This implies that slectronic multiplication is not "s‘* E
gs diffisult as other methods might leed one to conolude, ‘ l
A ecireuit and the operstiing data on it are reported here to g
verify this implication, This nev method is exaained in sufficient f 3 »
detail to make cleir why it works. Its suitability for use in a vide " } ‘
variety of multinilers is pointed out but it is presented chisfiy zs 2 :-‘ :
solution to the problem of constructing multipliers for field use where e I
simplicity, low cost, sase of maintanance, and ruggednsss are features
that have to be combined with sccuracy and wide dynamis range. " k
b
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A_NEW Y1ECTRONIC MULTIPLICATION METHOD
INWLVING ONLY STRPLE CONVERTIOMAL CIBCUIfS

1. INTRODUCTION
It is common practice to sdd, subtract, integrate, or differen-

tisto raw fisld data before recording it, bul received signals are

rarely, if ever, multiplied together in the fisld. The reasons for

not mitiplying may have been tiat (1) electronic multipliscs were ] |
; expensive and difficult to bulld and (2) the advautagss of multiplying R
complax signals were not thought to justify the effort of developing

’1 instrvments for doing i, 7 ¢ : |

N,

+-

Recent develcomsnts have invalidated this seocond reason. The
advantages ol elsctronic corputers which involve mmltiplication, partice
® q ulsrly those involving correlation techniques for detsoting small signals _s * I
in the presence of noisa, have been demonstrated theorstically and in e
laboratory experiments and seversl practical electronic multipliers
have baen reported. "N |

As far as field use of multipliers is concermed, though, tha
first objection still applisd until the development reported here was A
& complated, Most othar multiplisrs have excellent operating chtuctorhtha 4 ,‘:‘f‘ |
but they lacked the simplicity and freedom frcm delicats parts and adjuste ‘ i
ments that are vital for field equipment. The instrument described here _,»_j »

J is one that has thess additional characteristics and appears to ba well

' suited for fisld use. It is inexpensive, small, easy to comstruct and g
repair; ite operation is stable and accurate over a wide dymsmic rangej -N:

d and gtandard componsnts can bs used tlroughout the circuit, S 9

By
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These charscteristics stem from using s new mathod of fi.n:u.n:
products, It is similar to previous methods in that sctual multiplice-
tion is oircumventad by using operations other than sultiplicsidon to-
produce a quantity that is equivalent to ths desired product, 2 this
method, however, a different quantity is produced, It is one that c-n
ba obtained from the inpnts with simpls conwentional cireuits. Thus
the need for specisl parts and complax circuita vhich exists in most
other multipliars is eliminated.

This presentation includes (1) a 1list of the steps to produce
the new quantity, (2) an explanation of why it is proportional to the
product of tre inputs, (3) a circuit in which this method of finding

products was used, (L) opsrating data oa the circuit, and (5) a dis-
cussion on the smplitude and frequency limitations of the signala applied,

The mathod is suitable for widsr use than just in field type

instruments ani deserves considerstion for use in multiplisrs for all
spplications,
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1. DISCUSSION OY./TRE MEYXI

The o’-.‘ct of the naw owihnd is to find the averags value of
the differ-oace in magnitudes of two epecial signals pr--uced from a
c~wbin.ion of & h'’gh frequency sawtooth .c:riar snd tlv ... %8, Ik
ca” pe identified as the "cdifference in msgnituder" method.

To find the product of two complex time functions, e; and e,
by the difference in magnitudes aethod these steps need to be taxen:

1. idd a large, high frequency, sawtooth carrisr, o, W
sither @) or ey (use ey, for sxample) to obtain ej+se,.

2. Add and subtract the other imput signal, oy, to this sum
obtaining e +e1%ey and e e =63,

3. the absolute magnituds of these Quantitias, icgnrozi

h. Subtract the second of thess absolute tidas from the
_ first to obtain the difference | s teyte; -l.onl-ozl.

S. Average this differsnce. The result is keje, where k is
s simple proportienslity constiant,

As long as t'm difference of step L is obiained, the order of
the previous steps and ths circuits used for taking them are unimportant.’
0f course, the accuracy of the method depends on the ssourscy of the
difference so high quality c¢ircuits should bte used. The ease of satisfy-
ing this condition accounts for the advantages of ths method,

To show that this procedure produces the product of e) and ey,
the aversge of the differedce, I'c“l"?H 0,001-02‘, mist be phown to

bs equivalant to the product, To do this the wavefara of the difference
function will be examined,
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At any instant the value of the difference is proportionsl to v NN 5
!,1 vhichever of the two sigals, e.+ey or ey, is smaller, It is positive - sq =
when both of the mignals have ths same sign but becomes negative whan ,
‘ one aignal ia positive and the other is neg.tive. These facts can be J
varified by inspaction, First simplify tha expressicn by letting RSN i ]
equal & eingle sipnal, S3, and letting ez equal another signal 33, ’ .
Then evaluate tha sxpreasion with all possible relations between the
amplitudes &nd signs of the S and 3, signals. '
When s, is a2 larps high frequency sawtooth wave and s; and ey f ,

' are sine waves, the c¢iffersnce function that satisfiss tho specified .
conditions is chowvn in Figures 1 and 2, In Figure 1, e; is sero; in
Figure 2, ey is idantical to ey. S;{equal to e.+sy) and S, (equal to I

[ ] ‘ e2) sru labeled in ths figures. The heavy sclid curve designated as

o, is the difference function, This curve differs oaly slightly from
vhat remains of the S; signal after the positive anda ragative peaks

' are clipped off st s valus despending on the S; signal, The difference
Iu that a reflaction of tha remainder sbout the sero axis is cbtaipnd
when S; 1. negative., The reflection sucurs because the difference is

' positive when both Sy and S, are unegative. The clipping ocecurs because
the difference fur=tisn follows the S signal whan thet ane iz smaller
but foliows the S; signal when it beccmes the smaller one. A oconolusion

. that can be made immedistely is thit S, independently controls the heights
of both the positive and negative pulics that appear. It fcllows from

this as wel' as from the axpression Cor the difference that the difference




magnitudes is sero vhan ep ia serc. The effects of €3 on the differ- /P R

ance funstion will now hawve to be found.

The differencs beiwesn Figure 1 and Figure 2 are dus t0 ;. ‘;:‘7
Its effects can be visualirod by imagining the difference function to E
be the part of a plotted curve of the carrier that could be sesn through

[ AN
&

a window in an open:s shield placed over the plot., This transparent
é ssction would be in t'e shape of the magnitude of ths a; signal, When ,: ;_:'7._,_7 »
ey 1s 3sro the carrisr axis would ba right under the center axis of the
] window, A curve such as that lzbelad s, in Figure 1 would ve seen,
q When ey 18 added the opequs shisld would Pot be moved but the carrier k-
plot would be shifted, It would mowve p at the points representing | ;» 1
E times whea o3 is pceitive and down when o3 is negative. A curve likas o, ._\

1' of Figure 2 would ba seen through the window, Moving the carrier up and i_’_"'"_ , e
nd down this way would look through the window like ey to shifte the

: slanting parts of ‘e carrier sideways. This causes widening of some a 1, ‘t

ﬁ pulsse nd parroving of the adjacent ores which have the opposite oixn.‘ : » >

The conclusion to be drawn from this is that e, controls the diffarence I

betwesn the widtisof the positive and megatise pulses. |
¢ Since the vertical shift ia proportional to ay and ihe carrier ) ,
is linear, the changes in pulse width are proportional to e;. Figure 3  “F
can be uUsed to shov that when this condition is satisfied and the pulse ¢

ﬂ heights depend oi. 95 the average walue of the difference function is
: ]
proportional to e)%es,
Figure )} is sn enlarged drawing of eoms typical pulses, The - ) 4
¢ dotted curve is the shape the differencs functicn would hava if e; were
»
W




«Ba
zaro; the solid curve iy citainad whan it is not, The shaded arass
ars the differencey betwaen positive and negative pulse aress dus te
8). These arsaz are ennlossd Uy parallalograms so they equal the prod-
uct of the langth of one pair of sides and the distance between them.
Ths length of the sides i the dirsction of ‘he sero axis is proporiional

to 2. The pulse heionts and hence the distance batwean the aides of

the parallelogrsm are proportional to es. Thersfore, the differances :
in positive and negative pulse eress par cycle of the carriar and hence ?"
the average valus of tha difference function is proportional to 0;xe,. -
In summary, a simpls methcd of finding the waveform of the differ-
ence, l’c“l“?’ -

this wave on ey snd &y when @

°c*°1’°1’ was presentad, The peculiar dependence of ' 3
o 13 a savtooth wvave vas pointed out, - .-'
Than the average value of exprsssion was shown to be proportional to 1:
e} times e3. This shows that the atey ., listed in the opening parsgraph f’ S

produce the sqaivalsnt of multiplication,

IR XY

Ffrom this explanation it can be seen that the peak carrier ’
smplitude must be larger than the sun of the e3 and e amplitudes, »
If this condition aid not exist, ep would not be smaller thar LRTN
vhen e] and e, have opposite signs and it would not tontrol tte pulse 3
heights., Making the carrisr very large tu make doubly sure it i T

large encugh is not a good idea, though, because the multiplied ousput

¥
.

voltage for fixed irputs gets smaller when the carrier is incresased, g ) ’

Raferring to Figure 3, the slanting sides of the pulses get steeper R

whan ths carrier gets bigger so tha horisontal shifting of these eldes
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would be lssa when e shifted the carrier vertically. As a result

the sres changes dus to ey would be smaller and there wwuld be lcss
multiplisd output, As 2 commromisa on tha carriar sigs it can be get
to equal the sum of the expected peak values of the e; and e; signals.
Monito -ing e} and uy is then advisabls to make sure they do not exceod
their expected valuse,.

The carrier frequency should be as high as practical to get
operation as discumsed., It has no effect on the output voltage, but
determines to sous axtent the complexity of the output seraging cir-
cuit, The higher *he carrier frequsncy ths simpler this circuit can
be,

The erplaneticn of how the method wvorks also illustrates the
fact that any wave “hat varins linesrly with time would be an accept-

able carrier. Sslection of the one used can depend entirely on con-
venience of generating it and the necessary complexity of the circuits
for using it,

For this discuseion e, and e, wers assumed to be sine waves 80
changes fros ncrmal shape would be easily recognised in the ligures.
The sane conciusions would have besn reachsd if complex inputs had been
assumed, 80 the discussion should not be construed to indicats that the

difference in magnituda method can unly be used on sine wavas,
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III. THE CIRCUIT

2ke circuit presented illustrates the practicelity and supports
the validity of the foragoing procedure and analysis, but the main
resson for presensing it is to illustrate the simplicity of the circuits
required. This seems to Justify inoluding the detail schematic diagram
of Figure 5.

Omitted from this diagram are s twin triode Potter typs sawtooth
wvave generating circuit and the power supply vhich make it a complete
multiplier. The two channels in the instrument, one for handling the
Sy sigml and the othar for Sp, sre labeled. The only diffursnce betwesn
them up to the secondaries of the output transformers is a triode addimg .
cireuit for adding e; to e, (step 1 11.1 the procedure).

The amplifying, phsse inverting, and powsr amplifying stages
in each channel were included so that maximum multiplied output could
be cbtained with low level input signals. Thase circuits wers alsc
nscessary for presenting signals to the output tranaformers so that
all othar steps of the procesdure can be performed in the transformer
secondary and following circuits.

The transformer ssccndaries were connacted so that (59+83) and
(81-92) (tha quantities specified in ster 2) would be produced in push
pull relative tu ground, The pc‘sinu at which the signals ars obtained

srs labeled on the circuit diagram,
Ster 3 (full vave rectification of the step 2 asgnals) 1s per-

fA-d b‘v the four dindes. The polarities of two of them are revsrsed
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/:t. always be trua. If an ungrounded output is satisfastory, the one
pa
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to transform the operation of subtrecting required in step 4 to cne of

adding., 7This was dcne 30 that the difference sffectively obtained would

be represented bty s voltage relative ¢~ _ound. AD enlarged drawing of

the diode circuit is shown in Figure L., The full wave ractified valus
of 2748, appesrs at the point marked "A" in the circuit and the negative
of this value of S-S5 arpears at “3",

Step L is taken in the T-shaped resistor network between the
diodes. The voltage st point "C" i3 the sum of the voltages at "A" and
"BW, This iz where the difference in magnitudes appesr.

Tha low pass RC filter connected at pcint "C" averagss tha differ-
ence in amplitudes to complete the procedures. The filter output is Prow
portional to the product ejxe,. .

Qur specific use for this multipliesr influenced the design of
the circuit somewhat., A discussion of this uss may answer qQuastions on
psr~issable differences between thase and circuits in instruments for
other ap, lications,

In the first place s single ended cutput was desired. This may

ir of diodes need not be reversed and the resistance T Betwork in
which some loes in signal is suffered need not be used. Also, both
ths 31487 and the S1-S2 signals would not haw to be balanced to ground.
Transformer coupline to the diodes was poesidbls because do
componenta in the mp;nts vers not to be multiplisd. OQther coupling
‘!&n‘l would meke m‘ltiplying de signals possibls and could be used
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{for ac signals too. Transformers were used in this case to gat as
lasge a signal as rossible applied o the diodes without overdriving
any of the previoun stages and within the limitations of the 250
wlt power supply used, This was desired becsuse the maximum value
of the cutput produst and henice ths dynamic range depends on how
large a voltage can bs applied to the diodes.

In this instrument a S ke sawtooth carrier vas used and it
was added at the irmut tc tre Sj channsl. The whole channal had to
pass it without distortior sc the channel frequency craracteristic
had to bs flat up to the nsighborhood of 50 ke. This explains the
use i degenerative feedback around the wvoltage and power amplifying
stages. Similar feedback was included in the S; channel to maks the
two channels enough alike that ey and e; signals at the diodes would
have the sams relative phases and saaplitudes that they had back at the
input terminals, Addition of the carrisr at a later point in ths oir.
cuit would relax the restrictions on the design of the earliar stages
and reducs the msed for feedback,

‘ Potentiometers were includad in the ¢ransformer secondary

circuits to improve ths balance and to compensate for slight differences

in diode characteristics. Proper sdjustmsnt wae found by observing the
difference signal at. point "C" ia the circuit while e3, e, 21d e, wore
aprlied separalely. Settings for best operation did not have to be

changed during several months of operation except when a diode was
replaced,




“n,
s

€3

ou—

The potentiometars in the S; channel input adding circuit wers

included for adjusting the relative amplitudes of the ey end e, sign 1s.

Channel gain contrcls wers included to prevent overdriving for large
inpat signals but to parmit increasing the gain to get plsniy of ocut-
put for small input signals, These controls effectively set the pro-
portionslity constant betwsen the outpus voltsge and ths product of the
inputa.

-’
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IV, TEST RESULTS

e S v,
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The operating characteristics of the multipliar were messured

as sinusoidal input esignal+ wverw applled, To check on the proportional-

.“,:.‘ d

A St L

, f ity of the output ts each input, the rms value of the inputs and the

Tady

dc output wers measurec as oms input was held constant and tha other

it o

! varied, Plots of the dsta obtaired in this menner are pressnted in

) Q Figureas 6 and 7. A3 these data ware being obtained the resk to pesk
amplitude of tha corstant input was set at one-half the peak to peak “":'.' ;
aplitude of the carrier. Maximum allowsble valus for the other input

s,

signal was Jefined re the valus at which the sum of the inputs equaled FRE:
the carrier. The dala shows that the ocutput is proporiionsl to toth .-

inputs within better than 1¥ below the maximum value of the inmputs and T

¢
i
1
i
) Py ; that only slight deviations from proportionality occur when this valus - 3
E is exceeded. e
|
: A further test of mltiplication accuracy was conducted by
) ‘ finding the amplitude of ona input required to produce & given dec

output for each of saveral 7alues of the other imput., If the output

.,
oty
o,

is the product of thn two inputs, there should be a resciprocal relation-
) . ship betwwen the inputs for constant output s2 & log-log plot of one
input versus the other should be a straight ling, The data showing
the relationship between the inputs are presented in Figure 8., Maximum
) ] deviation of the circled data points from the lines occurred for low

valuaz of cutput voltage. Lack of sccuracy in measuring low values of '

both irput and outyut voltagss probably accounts for these deviationa,
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The dynamic rangn of ria multiplisr vas definad as ths ratis

of the output obtainsd wit’ xu.imm allowable inputs to the value ‘5
obtains? when eisher or botn isputs were sero, Whan the inputs were
sero, some ocircuit instedilities caused random drifts in the cutpus
that vere berely detectable vith & meter on which 10 millivolts can E
be resd, 80 10 millivolts vas ussumed to be the minimum attainable o
output, The dynamic rangs was calculsated to De 50C w0 1 on thy; basis ‘_‘;' 3
of.4his serc drift and a 5 volt maximus output. ‘.

PYd

An interesting feature of this type of multiplier is that the X 4
accuracy and dynamic range do it depsnd on the dynamic characteristics R

of the diodes. Examimation of what happens to the diodes when the k-
cire: . .r multiplying shows that the carrier effectiwmly Jast switches

them on and off, Thay are either condu: i’.ng becauss a large positiwe <
voltage is applied or non-conducting because of the presence of a ,;7‘;
large negative one, As a result the diodes only need to have an
impecance that is low compared to the rest of the cirouit when they ”,,
are conducting and high when they are not conducting, This sliminates * ;o
an objoctinmbh' ecessity for using matched or specially selected ,‘
diodes. ” 3
The average valus ¢f the produst of two 8ing waves is propore ,

tionel to the cosine of the phase angle between the waves, Data %o
demounstrate that this characteristic of the product is produced by
Shis multiplier was obtained by reading the output voltages ss the 1

input amplitudes were held consvant bui ihe phtve angle betwsen the .
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waipud sine wavez was varied from serv to 150 degrese. 4 plot of the
output versus the ccxins of the phase angle is presented in Figure 9.
If the phase angle tatween the inputs is considersd to ba a measure
of the correlation batween the two signale, this curve indicates the
operation of the multiplisr as a corrslator and the conclusion can
be reached that the outnut due to unrelated signals would be zero.
This conclusion was verified by using unrelated nolss signals and
different frequency sirs waves as inputs,

The foregoling data were obtained while the input sins wavao
were betwsen 20 and SO0 cycles per sacond and the time constant in ths
outpui filter was set betwesn 1 second and 8 seconds, Neither the
input frequency nor the filter time constant in these ranges of values
had 5 measurashle eff=ct on “he dec output voltages recorded.

To study instantaneous products the upper cutoff frequsncy of
the output filter was raised to betwsen 1l and 5 ke, As anticipated
the ac output was at twice the input {requency, It varied limearly
with ths input axplitudes and was conatant with frequency when the
output frequency was delow the valus at which the attenuation of the
ontput filter couid be noted. With pure sine wave inputs the ocutput
should have had no componsnte other than those at doubls s input
frequency, YHowever, a small input frequency componsnt was -i~tacled
in the cutput, By using extra care in adjusting thes dalance controls
and improving the linearity of the sawtooth carrier; the amplituds of
this component was rsducad to lsse than ons one-hundredth of tha ampli-
tude of the doudbles frequency component,

o”
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V. DISCUSSION AND CONCLUSIONS

Rigor in justifying the use of the difference in emplitudas
mathod was sacrificad in this presentation in fevor of brevity,
Empirical results prssentsd actually seem to be sufficient justification.
The discussion on the wvaveform of the difference function was includad

A
.

mainly in an effort to give a picture of what occurs in the instrument :
as signal smplitudes vary, A better understanding can be obtained by .
cbserving the changss in the difference function wave shape on an 7
oscilloscope., Getting curves quite similar to the ideal ones of

Pigores 1 and 2 is not difficult. In fact, this is a good vay to

evaluate the operation of & circuit, B _

In accomplishing the odjectives of the difference in amplicude k
method tha objectiwes of toth the familiar "quarisresquares” and ths 2
pulne area methods rve simultanecusly asccomplished. The brief analyt-

{cal justification c¢f the new method was baadd on the fact that it is )
a practical pulse area method. But the average of the magnitudes sub=
tracted in the methoi can be shown to be the squares of the sum and
difference of the irmputs, o the cbjectives of the quATter-squares -

e ate
method are accomplished too, Since this is the case one might conclude i7f
that mltipliers in which only one of the earlier methods is used were ’-‘.-.- |
partially using the difference in amplitude method. Then the facs ‘*' B

'»i

that using it complstely requires simpler circuits also becomes
interesting. A
It has been ruggested previously that diode circuits other ' ,g','

thar the one presentad could be used. References for thess other cir- x o
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‘ ) cuite would inciude discussions on phase discriminatars and suppressed . 4

carrisr modulators., The similarity between the diode ciroulits in thesa

G @.’:@ |

devices and tha ones raquired for multiplisrs of ths naw type is marked. - :
In fact with *he carrisr reduced to sero and ons of tha inputs kept b
much larger than tha othsr, the multiplier presented in this peper be-
cames an excellsnt phase discriminator, With normal carrisr asplitude )
. but the sigral desicnated ss ey reduced to serc snd mo output filterivg _:" ' ’
the mltiplisr becomas a suppresssd carrior modulator. These similar- 4
ities suggoat the probabdility that many pbace discrimimtors and »
. rippressed carrier modulators can be converted into multipliers with " o E
only slight modifications,
Whils tha operation of the circuit presemted is cl high caliber, e
® ‘ the circuit was not intended to represent the ultimate in eiither sise ’
or precision that can be dDuilt to operate according to the new method,
This particulsr cireuit has frequency limitationz widch would not make N
‘ 1t sapecially desirable for obtaining instantaneous produsts or for B S
multiplying de voltagep. These are not limdtations of the methcd
however and could ba Sveroome by designing the eircuits for thess and ,
other applications, ¢ .i' - : »
It iz hoped that this presentasion sufficiently demonstretes
the advantages of ths difference in amplituds method that others who !
need electronic multiplisrs will realise usef\l agsistance from it. .' ] 4 »
Multipliers constructed to operate this way apvear to be solutions to
the problems of obtaining inexpensive, though acourate, mltiplior'l :
for laboratory use and small, rugged instrumsnts for fisld ues, »
This development was part of the work on a clesuifisd contract

batwsyn the Office of Navgl Research and the Magnollis Petrolaum Company.

e |
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AFPENDIX
TABLE OF COWTENIS

Figure 1 - Output Voltage (With ey0)

Figure 2 - Output Voltage (With ey ~ Max. Valus;
&7 ~ Max. Vslue)

Figure 3 - Typicael Pulses When 83 = O (dashed lines)
and When sy = a2 (solid lines)

Figure i - Circuit for Obtaining !31’52‘ -tsl..sz‘
Fisure S - Schematic Diagram of Complete Multip ier

Figure 6 - Curve of Multiplier Output vs e} lvput
th e at Limie Value

Figure 7 - Curve of Multiplier Cuiput va e3 Input

Figure 8 - e¢p Input Necessary %o Produce Various Values

of Output vs ey Input

Pigure 9§ - Multiplisr Outprt vs lnput Product with
Varying Phese Angle
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